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ABSTRACT 
An experimental model investigation is presented of the 
optimal dimensions of highway drainage gratings installed in paved 
channels along highways in Pennsylvania.  Further work is intro- 
duced in an effort to describe the flow situation into the grating 
through analytical theory and equations.  The ultimate goal of this 
study was to determine an optimal length to width ratio of an inlet 
grating based upon maximal inflow rate efficiency. 
The channel considered was triangular in shape with swale 
slopes ranging from 48:1 to 12:1 and back slopes ranging from 3:1 
to 1/8:1.  Longitudinal slopes used during the tests were 1/2%, 2%, 
and 4%.  The grating width was held constant while the length was 
modified. 
The model inlet grating was built to half the scale of 
the prototype, and through model laws, other prototype:model rela- 
tionships were established.  The capacity of the grating was deter- 
mined by actual measurements, and equations based upon these mea- 
surements were formulated. 
A series of curves are presented which relate 100%-effi- 
cient inflow rates to the grating length.  These curves show that 
the longer drains intercept more water and that the channels with 
the 12:1 swale slopes yield higher maximal efficiency flow rates 
than do those with 48:1 swale slopes.  Also curves are presented 
which indicate, for 48:1 swale slopes, shorter gratings are used more 
efficiently, with respect to the surface area of the drain, than 
longer ones, whereas the opposite is true with 12:1 swale slopes. 
The information contained herein should be useful in the 
design of highway drainage systems - grate sizes, spacing, and pre- 
ferred channel configurations for paved channels. 
1.1  INTRODUCTION 
1.1.1 Problem Statement 
Runoff along highways from precipitation must be removed 
from the paved surfaces and adjacent areas.  The surface runoff is 
channeled into drainage inlets and is removed by way of a subsurface 
system of conduits,  the drainage inlets are spaced along the roadway 
at intervals which are determined by the design engineer. 
Two difficulties exist with inlets currently being instal- 
led in drainage channels by the Pennsylvania Department of Trans- 
portation:  (1) water bypasses the inlet owing to the fact that the 
inlet is to narrow; and (2) part of the inlet grating is not covered 
entirely with water at times of maximal efficiency flow. 
In consideration of these problems, a program of research 
was undertaken using a model of a paved channel in an effort to 
determine the optimal ratio of length:width of grating based upon 
the efficiency of the inlet grating in catching channeled surface 
drainage flow.  Different channel configurations were included in 
the testing program:  back slopes 3:1 and 1/8:1, swale slopes of 
48:1 and 12:1; longitudinal slopes of 4%, 2% and 1/2%; and proto- 
type grating lengths of 45.8 (1.50 ft), 53.4 cm (1.75 ft), 61.0 cm 
V 
(2.00 ft), 68.6 cm (2.25 ft), and 76.2 (2.50 ft).  The width was 
constant at 91.5 cm (3.0 ft). 
Next, an analytical evaluation of the various flow 
regimes measured in these tests was made, which will be presented 
in Chapter Two of this report. 
1.1.2  Background 
The problem of draining highway pavements has been solved 
commonly by employing empirical or intuitional approaches, notwith- 
standing that drainage systems are of paramount importance in high- 
way design.  Drainage channels and inlets are placed along the road- 
ways to catch surface runoff and to guide it into a subsurface 
drainage system.  Without such drainage, flooding would occur 
causing damage to the pavement and base materials, deposition of 
sediment in low-lying areas, and hinderances to traffic safety. 
Until recently, estimation of the capacity of drainage in- 
lets had been based on past experience; furthermore, little consid- 
eration was given to different channel configurations or irregular- 
ities in the channel surface.  Obviously, the hydraulic performance 
of any drainage inlet must be known before it can properly be 
utilized along the highway. 
PennDOT Research Project 68-31 at Lehigh University en- 
titled "Development of Improved Drainage Inlets", which also used 
a model study, was completed in January, 1973 in accordance with 
PennDOT Agreement Numbers 42237 through A2237-H between Lehigh 
University and the Commonwealth of Pennsylvania.  As a result of 
this project, reports were presented to PennDOT summarizing and 
evaluating (1) the results of past papers and studies pertaining to 
highway drainage inlets (Yucel, 1969); (2) new capacities for in- 
lets installed in paved channels (Yee, 1972), and (3) new capac- 
ities for inlets installed in grass channels (Appel, 1973). 
The investigators noted throughout the investigation 
that, for high flow rates, some water in the channel bypassed the 
drainage inlet because the width of the inlet, perpendicular to 
the direction of flow, was too narrow.  This bypassing of water 
could be prevented by increasing the width of the drain. 
Another observation of some importance was that the en- 
tire grating surface was not utilized in catching water flowing 
toward it during maximum efficiency flow situations.  Part of some 
bars on the grating and all of other bars were exposed to the at- 
mosphere in many instances.  Specifically, those in the downstream 
portion of the grating near the channel invert were not covered by 
water. 
Based upon these observations, an investigation was war- 
ranted to determine the optimal arrangement of the length:width 
ratio for an inlet grating which most efficiently utilized the 
surficial area of the grating and intercepted the maximal amount of 
inflow. 
1.1.3 Objectives 
The objectives of this research program are: 
1. To develop a single grating for installation in paved 
highway drainage channels based upon maximum surficial 
efficiency and inflow interception rates. 
2. To analyze analytically the flow situation surrounding 
the inlet grating for all channel configurations tested 
through the use of theory, equations, and computer. 
3. To document, by means of photographs, those conditions 
which determine the optimal length of each respective 
inlet grating for every channel configuration. 
1.2  MODEL LAWS 
1.2.1  General Remarks 
Two common procedures in solving hydraulic problems are 
analytical methods and model studies.  An analytical approach will 
be presented in Chapter Two.  Model studies can simulate the proto- 
type situation while providing visual as well as statistical means 
of evaluation.  A model is usually smaller than its prototype, and 
consequently is easier to fabricate.  Also working with a smaller 
apparatus in a controlled environment provides greater ease in 
handling, preparation, and repair.  For these reasons, a model 
study was chosen to study the highway drainage inlets. 
Prior to testing, the similitude between relevant proper- 
« 
ties of the model and the prototype must be computed, so that 
events noted in the model study can be properly related to the pro- 
totype.  This similitude is determined through model laws.  Once 
the basic model:prototype scale ratio is known, data from the model 
study can be changed into different physical quantities, such as 
velocity, discharge, and depth, in the corresponding prototype. 
The length ratio of 2:1 was determined for the prototype: 
model after considering (a) the space available in the laboratory, 
(b) the available pumping facilities, (c) the cost of fabricating 
and operating a model of that size, and (d) the effect of surface 
tension. 
3 
It should be noted that the literature available on 
model laws is extensive and complete. (Stevens et al., 1942; 
Morris, 1963; Hansen, 1967; and Graf, 1971.) 
1.2.2 Hydraulic Similitude 
The correlation between physical quantities in the model 
and the prototype is called the similitude. For complete similar- 
ity between model and prototype, three similarities must be satis- 
fied; they are geometric, kinematic, and dynamic similitudes. 
Inlet 
MODEL PROTOTYPE 
Figure 1.1:  Similitude of Highway Drainage Inlets 
1.2.2.1 Geometric Similitude 
Two objects are said to be geometrically similar provided 
the ratios of corresponding dimensions are equal.  From the model 
and prototype illustrated in Figure L. 1, geometric similitude will 
exist provided 
D   L 
m   m 
where L denotes the length of the grating, D  the depth of flow, 
and L^ the scale ratio.  The subscripts, p and m, indicate proto- 
type and model, respectively.  The similarity between areas and 
volumes can be obtained as well from the scale ratio: 
2 A 
L_, = -r2- and Eq. 1.2a 
R   A 
m 
3 V 
\   = -^ Eq. 1.2b 
m 
where A and V are representative area and volume, respectively. 
1.2.2.2 Kinematic Similitude 
Two flow regimes are said to be kinematically similar 
provided (1) the flow fields have the same shape, and (2) the pro- 
totype :model ratios of velocities and accelerations are the same. 
1.2.2.3 Dynamic Similitude 
Dynamic similitude exists between prototype and model 
if  corresponding forces are parallel and have the same prototype: 
model ratio of forces for all related points in the flow fields. 
10 
f ) 
From Fig. 1.1, the force ratios can be expressed as: 
F '   F » 
F~ = r, ii = f " Eq. 1.3 
m   ^m 
where F_ is the force ratio; F ' and F " are forces in the proto- 
R P      P 
type, and F * and F " are corresponding forces in the model.  The 
m      m ° 
forces which can affect a flow field are those due to inertia F , 
gravity F , pressure F , viscosity F , elasticity F , and surface 
tension F .  Inasmuch as water is nearly incompressible and the 
model is fairly large, the forces of elasticity and surface tension 
are negligible and can be ignored in this study.  Thus, for complete 
dynamic similitude, the following equation must be satisfied: 
<V    (F )    <F )    (F ) 
JB. =    P =    P = E Eq. 1.4 kR   <V     an     (y     <F > 
m    
&
 m      m      m 
1.2.3 Dimensionless Numbers 
In a hydraulic model study, certain combinations of var- 
iables forming dimensionless numbers are more valuable than individ- 
ual variables.  In this case, the Euler Number E , the Froude Num- 
u 
ber F , and the Reynolds Number R are important.  These dimension- 
less numbers are expressed in the following manner: 
F 
v     - _E - ^P_ Eq. 1.5 
I  pv 
11 
F  1/2 
Pr * /    r^JT *»• !'6 
e  Fv   li 
where p is density, v is characteristic velocity, Ap is a pressure 
difference, g is the gravitational acceleration, and p is the dyna- 
mic viscosity.  Only two of these three dimensionless numbers are 
independent, which means that the third number can be obtained pro- 
vided the other two are known; thus dynamic similitude is achieved 
if two of these numbers are simultaneously satisfied.  Unfortu- 
nately, acquiring complete similarity using only two of these nuiih- 
bers is usually impossible owing to limitations, such as:  certain 
characteristics of water and the limited facilities available.  In 
most hydraulic engineering problems, however, some forces are 
orders of magnitude greater than others, which allows some rela- 
tionships to be ignored.  In this way, dynamic similitude is ob- 
tainable using but one dimensionless number.  For this study, the 
force of gravity is much greater than the force of friction due to 
the smoothness of the surface, which indicates that Froude similar<- 
ity alone is sufficient to ensure dynamic similarity between the 
model and the prototype. 
12 
1.2.4  Froude Model Law 
The Froude Number for both the model and prototype can be 
expressed as follows: 
V V F  = -Z- = —— Eq. 1.8 
^ P      & » 
For equal accelerations of gravity, the resulting velocity ratio 
is: 
V    L  1/2 
^= ^ Eq. 1.9a 
m    m 
For a scale ratio of 2, as used in the present study, the velocity 
ratio becomes: 
V 
-£ = 1.41 Eq. 1.9b 
in 
The flow-ratio can be computed in a similar manner to yield: 
-£ = (L„)   = 5.66 Eq. 1.10 
m 
Using this equation with the model flow rate, the corresponding 
prototype flow rate can be calculated.  A complete list of Froude 
model similarities is presented in Table 1.1. 
1.2.5 Manning Model Lav/ 
The effect of frictional forces on the flow regime has 
been ignored thus far, yet the friction from the channel roughness 
13 
(pavement) must influence the flow pattern - the type of channel 
flow as well as the efficiency of the drainage grating - to some 
extent.  Hence, it is necessary to consider both the frictional 
and gravity forces simultaneously.  As mentioned in Section 1.2.3, 
satisfying both the Froude and Reynolds Numbers simultaneously is 
virtually impossible provided the same fluid is used in both the 
model and the prototype.  Another means of correlating friction and 
gravity must be adopted. 
For open-channel flow, this correlation is achieved most 
effectively by introducing the Manning Analogy which is derived 
from the Manning equation: 
2/3  1/2 
1.49 R   S 
v = Eq. 1.11 
n ^ 
where R is the hydraulic radius, S is the grade or longitudinal 
slope for uniform flow, v is the mean velocity, and n is the Man- 
ning roughness coefficient.  Because geometric and kinematic simil- 
itudes exist between the model and prototype, the Manning Analogy 
is expressed as: 
2/3       2/3 
    = Eq. 1.12 
vn        vn p m 
Using Eq. 1.9a, Eq. 1.12 can be expressed as: 
U 
CD QJ 
rH C 
cd d 
o cd 
co 43 
c_> 
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60 T3 
•H CD 
43 > 
Ol cd ►J PM 
cu 
00 TJ 
CS 3 ■H 4J 
a •H c rH 
cd •H s B 
•H 
CO 
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n L 
_R =  _R 
n L in m 
1/6 
Eq. 1.13 
Since the discharge relationship between prototype and model is of 
prime interest, Eq. 1.13 can be rearranged to yield: 
8/3 
Q     L      n 
-£=  -E-     -2 Eq. 1.14a Q     L      n 
m     m      p 
This relationship and other flow characteristics for Manning simil- 
itude are shown in Table 1.1. 
To evaluate Eq. 1.14a, the roughness coefficients for the 
model and prototype must be known.  The Manning coefficient for 
pavement as used by the Pennsylvania Department of Transportation 
is n = 0.014, which is in good agreement with the literature (Chow, 
1959).  Plywood of 1.91 cm (0.75 in.) thickness has been used in the 
model to simulate the paved surface of the prototype.  The Manning 
coefficient of plywood was determined from flume tests performed 
at Lehigh University to be n = 0.012 which again is in accordance 
with the literature (Chow, 1959).  These roughness coefficient 
values were used throughout the study. 
Introducing the n :n ratio and the length ratio L^ = 2.0, 
Eq. 1.14a then becomes: 
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Q£ = 5.45 Eq. 1.14b 
m 
The application of the Manning formula requires turbulent 
flow both in the model and the prototype.  Almost all open-channel 
flow in nature is turbulent, whereas flow occurring in a simulating 
model might very well not be turbulent.  To ensure turbidity, the 
model should be operated in such a way as to yeild a high Reynolds 
Number, R . 
e 
The Reynolds Number ratio is 
(R )    (vL) 
e        m 
m 
A preliminary test was performed in the model, from which it was 
determined that turbulent flow does exist in the model (R > 7000). 
e 
1.2.6  Concluding Remarks 
Table 1.1 shows that the Froude similitude, involving 
gravitational effects, and the Manning Analogy, involving frictional 
effects, give similar results. Either set of numbers could be used 
in this study.  Because gravitational forces are to be of the most 
importance in this case, Froude similitude has been selected to 
transform model results into prototype data. 
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1.3  EXPERIMENTAL INVESTIGATION 
1.3.1 Laboratory Equipment 
1.3.1.1 General Requirements of the Model 
A full-sized model is ideal in performance tests of dif- 
ferent inlet openings; however, as mentioned in Section 1.2.1, 
owing to the limitations placed upon the project, a prototypermodel 
length ratio of 2:1 was chosen. 
Uniform flow was required in the channel upstream from 
the inlet; consequently the model had to be long enough with 
little distortion to ensure this.  Baffles and vanes were installed 
at the headwater of the channel to aid in forming uniform flow. 
The frame supporting the model had to be rigid yet ver- 
satile.  Uncontrolled fluctuations in slopes during testing would 
lead to faulty data, whereas controlled slopes were required to 
enable a full testing program of the inlet grating.  Simple and 
rugged mechanisms for changing slopes and inlet grating lengths 
were necessary in order to reduce the time interval between tests. 
The surface roughness of the channel must be designed to 
resemble closely the surface of the prototype (pavement). 
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For accurate results, care must be taken that no leakage 
occurs in the entire system and that flow rates be measured as 
accurately as possible. 
1.3.1.2 Apparatus 
A schematic diagram of the testing arrangement is shown 
in Fig, 1.2.  Either or both pumps (B) raise water from the main 
sump (A) into the pressure tank (D),  The two pumps could be oper- 
ated separately or in parallel by adjusting the three valves (C). 
Each pump was driven by a Westinghouse 9B Type HF, 220 
volt AC, induction motor equipped with rheostatic control.  One 
motor was rated at 40-hp, and the other at 35-hp.  During a test, 
the pumps were adjusted to a rate of discharge that was constant 
over a period of time. 
The pumps were DeLaval single-stage, double-suction, cen- 
trifugal types (Type I).  One pump had a 25.4 cm (10.0 in.) suction 
line and a 20.3 cm (8.0 in.) discharge line, whereas the other had a 
20.3 cm (8.0 in.) suction line and a 15.2 cm (6.0 in.) discharge 
line. 
The cylindrical pressure tank (D) was 1.54 m (5.5 ft) in 
diameter, and 18.7 m (34.0 ft) high.  The rate of discharge deliv- 
ered to the manifold discharge pipe (M) in the head tank (N) was 
controlled by means of the supply value (E).  The rate of inflow 
was measured using a 10.2 cm (4.0 in.) orifice (H) placed upstream 
19 
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from the supply valve in a 30.5 cm (12.0 in.) pipe, and a mercury- 
water manometer (F).  The orifice had been calibrated numerous 
times over the previous five years and was rechecked twice during 
the testing period, each time with the same result, given as: 
q <= 0.428 H0,500 Eq. 1.16 
where H is the pressure drop across the orifice in feet of water 
and Q is the discharge in cubic feet per second. 
From the head tank (N), the water flowed down the channel 
(J) toward the inlet (X).  The water intercepted by the inlet 
3 
grating was directed by a manual splitter (K) into a 11.9 ra 
3 
(420 ft ) volumetric tank (L).  Any flow that bypassed the inlet 
was channeled into the main sump (A). 
The testing tank which held the model was rectanular in 
shape (See Fig. 1.3):  10.1 m (33.0 ft) long, 4.9 m (16.0 ft) wide, 
and 0.9 m (3.0 ft) deep.  The tank was constructed on 0.64 cm 
(0.25 in.) steel plates framed by 7.6 cm (3.0 in.) by 7.6 cm 
(3.0 in.) angle irons, and it rested on 5.1 cm (2 in.) by 17.3 cm 
(7 in.) channel beams which were placed transversely on 1.2 m 
(4.0 ft) centers along the entire length of the testing tank. 
The head tank containing the manifold discharge pipe was 
0,76 m (2.5 ft) long, 4.9 m (16.0 ft) wide, and 1.2 m (4.0 ft) 
deep. 
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Fig. 1.3 is a cutaway view of the testing tank, and 
Fig. 1.4 shows the model placed in the testing tank.  A conveyance 
I 
channel (R) carried the water intercepted by the drainage inlet to 
an opening (T) which was connected to the splitter and thence 
either to the volumetric tank or to the main sump.  Another opening 
(U) nearer the downstream end of the testing tank directed the by- 
passing flow directly to the main sump.  During the actual testing 
period, gates 1 and 4 were closed so that all intercepted flow went 
to the splitter for measurement if desired and all bypassing flow 
went directly to the main sump. 
1.3.1.3 Model Construction 
Two steel frames were constructed to support the swale 
slope (0) and back slope (P) which formed a triangular channel, as 
shown in Fig. 1.4.  The swale and back slopes, which were 8.53 in 
(28.0 ft) long and 3.66 m (12.0 ft) and 1.07 m (3.5 ft) wide, 
respectively, were representations of similar situations in the 
field.  Both frames were made of 54 X 9.5 I-beams welded together. 
The welded joints were reinforced by clip angles to prevent failure 
and to minimize deflection.  The outer edges of the frames were 
made of 57 X 15.3 I-beams. 
Both frames were covered with 1.9 cm (0.75 in.) outdoor 
plywood.  Each piece, measuring 1.2 m (4.0 ft) by 2.4 m (8.0 ft), 
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was treated with preservative and with enamel paint.  The joints of 
the plywood were covered with 5-1 cm (2 in.) self-adhesive tape 
which was then also painted.  Hinges were welded to the invert of 
the channel to prevent lateral separation of the two side slopes, 
and also to allow rotation of the frames about the invert whenever 
changes in the side slopes were desired. 
The invert rested on a W8 X 40 I-beara (S), which was 
8.8 m (29 ft) long and was hinged at the downstream end.  The pro- 
per longitudinal slope (grade) was obtained by providing the proper 
height of support.  This was performed by manually placing blocks 
under the upstream end of the I-beam with the downstream end being 
fixed.  Supports at various points along the I-beam were also in- 
stalled to prevent any midpoint deflection.  A survey using a rod 
and level was made of the channel to measure the grade.  An over- 
head crane in the laboratory was used to raise the upstream end of 
the model into position. 
The main supporting beam was cut just upstream and down- 
stream from the inlet (See Fig. 1.4) and a box section, made of the 
same type of I-beam was installed to replace the piece that was 
removed.  This modification was made to enable the water intercepted 
by the grating to fall directly into the conveyance channel without 
splashing over any obstacle and to facilitate emplacement of the 
grating itself. 
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The outer edge of each frame was supported by two 1,9 cm 
CO.75 in.) threaded tension rods (Q), which allowed the changing of 
each side slope independently of the other.  Layers of 1.3 cm 
(0.5 in.) hardware cloth were soldered together to form a 0,30 m 
(1,0 ft) thick mat which was placed at the upstream end of the 
channel near the head tank, which acted as a baffle to aid in de~ 
veloping uniform flow in the channel upstream from the inlet. 
1.3.2 The Drainage Inlet 
The drainage inlet grating used in this study was made of 
wood with diagonal bars (See Fig. 1.5).  The overall grating size 
of the model was 0.92 m (36 in.) in length and 0.61 m (24 in.) in 
width, corresponding to 1.84 m (72 in.) by 1.22 m (48 in.) in the 
prototype.  The grating was installed parallel and coincidentally 
with the swale slope with the one side directly along the invert. 
The width was held constant at 0.46 m (1.50 ft) for the model, 
0.92 m (3.00 ft) for the prototype, while the length of the grating 
was altered by covering downstream portions of it with thin metal 
plates.  A rubber skirt was installed around the inlet and under 
the plates to prevent leakage.  The plates were painted with enamel 
paint to give continuity of surface roughness. 
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1.3.3 Procedure 
1.3.3.1 Flow Measurements 
As mentioned in Section 1,3.1.2, the flow rate into the 
head tank and subsequently into the channel was determined by 
reading manometers attached to a calibrated 10.2 cm (4.0 in.) ori- 
fice installed in the supply line.  The mercury in the manometer 
had a specific gravity of 13.6. 
Water flowed down the channel and was totally or partly 
intercepted by the inlet depending upon the flow rate.  The inter- 
cepted water was channeled to the splitter which directed it to a 
volumetric tank for measurement or to the main sump for recircula- 
tion.  The flow which bypassed the inlet was directed into the main 
sump.  The total flow, Q , was calculated from the manometer read- 
ing and from Eq. 1.16.  The intercepted flow, Q , was determined 
by measuring water levels in the volumetric tank over a suitable 
time interval (60 sec).  The bypassing flow, Q , was obtained by 
taking the difference between Q and Q . 
1.3.3.2 Depth and Width Measurements 
Depth measurements were taken in the invert at stations 
0.30 ra (1.0 ft), 0.61 m (2.0 ft), and 0.92 m (3.0 ft) upstream from 
the inlet during each test.  A point gage, graduated to 0.03 cm 
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V 
(0.001 ft), was used for all depth measurements.  The depth was 
determined by subtracting the gage reading for the channel bottom 
at the invert from the gage reading at the water surface.  The point 
gage was mounted on wheels on an aluminum beam 7.6 cm (3.0 in.) by 
12.7 cm (5.0 in.) which spanned the model perpendicular to the chan- 
nel invert.  The beam was supported by a monorail system at each 
end which enabled it to travel freely above the channel.  This set- 
up facilitated depth measurements at any point in the channel. 
For this experiment, steady uniform flow was required up- 
stream from the grating for accurate measurements.  Near the drain, 
reduction in the vertical and lateral dimensions of the flow occur- 
red due to the convergence of the water into the inlet, disturbing 
the uniform flow.  In this situation, it was desirable to maintain 
a cross-sectional area of constant shape.  Thus width of flow mea- 
surements were taken at the same 0.30 m (1.0 ft), 0.61 m (2.0 ft), 
and 0.92 m (3.0 ft) stations as mentioned above to serve as a con- 
stant shape check.  A tape measure mounted on the aluminum cross 
beam was used as a range finder together with a plumb bob that was 
lowered to the water's edge. 
1.3.3.3 Technique 
Before each test, the appropriate longitudinal slope 
was set using a surveyor's level.  Next the slide slopes were ad- 
justed as required using a triangular template and a carpenter's 
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level, and then the length of the grating was set.  Inasmuch as 
altering the longitudinal slope was the nost difficult and time 
consuming of the adjustments, all tests with the same longitudinal 
slope were performed in succession, thus reducing the number of 
these tedious changes to a minimum. 
Subsequently, the pumps were started, and the supply 
valve was opened to provide a flow rate which was visually deter- 
mined to be the maximum flow rate possible without allowing any 
water to bypass the drainage inlet. 
After a period of several minutes had elapsed to allow 
steady flow to develop, the splitter was used to direct the inter- 
cepted flow into the volumetric tank for 60 seconds.  The increase 
in volume divided by the time increment gave Q .  Next, the mano- 
meter for the orifice in the supply line was read giving the total 
influent Q , and consequenntly Q„, the difference between Q and 
Q„ was determined; Q_ was zero for no bypassing flow.  Finally, 
the different depth and width measurements were made and recorded, 
and photographs were taken. 
The run was completed by following the same procedure for 
flow rates of 300%, 250%, 200%, and 50% of the maximal flow rate as 
determined in the first step.  Approximately 300 tests were made 
overall.  The experimental data are in part summarized in Section 
1.4.  All of the data are summarized in Tables A-l, A-2 of the 
Appendix. 
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1.4  RESULTS 
A summary of the results from the tests is shown In * 
Table 1.2 which lists the different channel configurations and 
grating lengths with the corresponding maximal 100% efficient flow 
rate, Q   , for each case.  Q   occurs if no more water can flow 
Tnax Tnax 
through the grating without some water bypassing the drain.  Sixty 
runs were conducted for this study involving three-hundred different 
tests and flow rates including sub-and super-maximal flow rates. 
A complete summary of all data taken is given in tabular form in 
the Appendix. 
Figures 1.6 through 1.11 are graphs which illustrate the 
maximum 100% efficient flow rate, Q  , for each channel configura- 
tion plotted against the grating length, L. 
Figures 1.12-1.13 represent the relative efficiencies of 
the different drain openings with respect to the amount of surface 
area of the grating used to capture water, 0  /L, plotted against 
the length of the grating, L.  The width was constant for all 
tests, thus the length is directly proportional to the surface area 
of the grate.  Table 1.3 lists the values used to compile these 
figures. 
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Back Slope = 
Swale Slope = 
Grade = 4% 
Back Slope = 
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Swale Slope = 
Grade = 2% 
Back Slope = 
Swale Slope = 
Grade = 1/2% 
Back Slope = 
Swale Slope = 
Grade - 1/2% 
Back Slope = 
Swale Slope = 
Grade = 4% 
Back Slope = 
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Back Slope = 
Swale Slope = 
Grade = 1/2% 
Back Slope = 
Swale Slope = 
Grade 1/2% 
Back Slope = 
Swale Slope = 
1/8;1 
= 12:1 
3:1 
= 12:1 
1/8:1 
= 12:1 
3:1 
= 12:1 
1/8:1 
•- 12:1 
3:1 
= 12:1 
1/8:1 
= 48:1 
3:1 
= 48:1 
1/8:1 
= 48:1 
3:1 
48:1 
1/8:1 
' 48:1 
3:1 
48:1 
GRATING LENGTH 
45.3 era 53.4 cm 61.0 cm 68.6 cm 76.2 cm 
18.0 in. 21.0 in. 24.0 in. 27.0 in. 30.0 in. 
0.0110  0.0150  0.0200 0.0240 0.0350 
0.40    0.54    0.70 0.85 1.22 
0.0110 
0.39 
0.0250 
0.91 
0.0057 
0.20 
0.0045 
0.16 
0.0150 
0.54 
0.0350 
1.25 
0.0190 
0.68 
0.0400 
1.42 
0.0240 
0.85 
0.0490 
1.75 
0.0062 
0.22 
0.0045 
0.17 
0.0096* 
0.34 
0.0051 
0.18 
0.0091 
0.31 
0.0057 
0.20 
0.0250 
0.91 
0.0560 
1.98 
0.0210  0.0250  0.0340  0.0360  0.0450 
0.74    0.88    1.20    1.27    1.58 
0.0420 0.0490 0.0500 0.0520 0.0590 
1.47 1.74 1.77 1.83 2.09 
0.0310 0.0450 0.0510 0.0570 0.0710 
1.09 1.61 1.80 2.03 2.52 
0.0074 0.0079 0.0079 0.0085 0.0108 
0.26 0.28 0.28 0.29 0.37 
0.0136 0.0142 0.0158 0.0169 0.0181 
0.49 0.54 0.56 0.59 0.65 
0.0085 0.0108 0.0110 0.0119 0.0125 
0.29 0.38 0.40 0.42 0.45 
0.0125 
0.45 
0.0062 
0.22 
0.0068       0.0074       0.0096*     0.0079       0.0079 
0.24 0.26 0.34 0.28 0.29 
*Faulty Data 
Table 1.2     100% Maximum Efficient  Flow Rates 
(Prototype Values) 
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GRATING LENGTH 
45.8 cm  53.4 cm  61.0 cm  68.6 cm  76.2 cm 
18.0 in.  21.0 in.  24.0 in.  27.0 in.  30.0 in. 
Grade = 4% 
Swale =12:1 
Back = 1/8:1 
Grade = 4% 
Swale =12:1 
Back =3:1 
Grade 
Swale 
Back = 
Grade 
Swale 
Back = 
Grade 
Swale 
Back = 
Grade 
Swale 
Back = 
= 2% 
= 12:1 
1/8:1 
= 2% 
= 12:1 
3:1 
= 1/2% 
= 12:1 
1/8:1 
= 1/2-% 
--  12:1 
3:1 
Grade = 4% 
Swale =48:1 
Back = 1/8:1 
Grade 
Swale 
Back = 
= 4% 
= 48: 
3:1 
Grade = 2% 
Swale =48:1 
Back = 1/8:1 
Grade = 2% 
Swale =48:1 
Back =3:1 
Grade = 1/2% 
Swale =48:1 
Back = 1/8:1 
Grade = 1/2% 
Swale =48:1 
Back =3:1 
Table  1.3 
0.026 
0.280 
0.024 
0.258 
0.055 
0.592 
0.046 
0.495 
0.091 
0.979 
0.068 
0.732 
0.016 
0.172 
0.030 
0.323 
0.019 
0.204 
0.012 
0.129 
0.010 
0.108 
0.015 
0.161 
0.029 
0.312 
0.029 
0.312 
0.066 
0.710 
0.049 
0.527 
0.092 
0.990 
0.085 
0.915 
0.015 
0.161 
0.026 
0.280 
0.020 
0.215 
0.011 
0.118 
0.008 
0.086 
0.014 
0.151 
0.032 
0.344 
0.030 
0.323 
0.067 
0.721 
0.057 
0.613 
0.083 
0.893 
0.084 
0.904 
0.013 
0.140 
0.026 
0.280 
0.019 
0.204 
0.016 
0.172 
0.008 
0.086 
0.016 
0.172 
0.036 
0.387 
0.034 
0.366 
0.071 
0.764 
0.052 
0.560 
0.076 
0.818 
0.083 
0.893 
0.012 
0.129 
0.025 
0.269 
0.017 
0.183 
0.013 
0.140 
0.008 
0.086 
0.012 
0.129 
0.042 
0.452 
0.034 
0.366 
0.074 
0.796 
0.060 
0.646 
0.078 
0.839 
0.094 
1.011 
0.014 
0.151 
0.024 
0.258 
0.016 
0.172 
0.016 
0.172 
0.008 
0.086 
0.010 
0.108 
Values  for Maximum 100%   Efficient  Flow Rates  Divided 
By  Length of Grate,   Q crns/m  (cfs/ft) 
max 
L 
39 
76.2 
(30") 
68.6 
(27") 
<2   61.0 E 
o (24") 
I 
\- 
CD 
2 
LiJ 53.4 
_J (21") 
45.8 
(18") 
1/2% 2% »/2% 4% 2% 
'/a-1 3:1 3= I 1/B-\ '/a:I 
1 I 
4% 
3 = 1 
i 
10 20 30 
rmax (xlO3) 
Grade 
Backslope 
 L_ 
40 cms 
m 
Swale = 48- I 
Prototype  Values ^ 
Fig. 1.12:  Efficiency (Relative Surface Area Coverage of 
Grate) Versus Length CSwale = 48:1) 
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68.6 
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CO 
E 
o 61.0 
X 
H 
UJ 
(24") 
53.4 
(21") 
45.8 
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I 
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3'I 1/8•'I 3: I 
1 
20 40 
Q max 
60 
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m 
Swale = 12=1 
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Fig. 1.13;  Efficiency (Relative Surface Area Coverage of 
Grate) Versus Length CSwale = 12:1) 
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1.5  DISCUSSION • 
Prototype maximum 100% efficient flow rates ranged from 
jukt  below 0.0050 cms (0.18 cfs) to just above 0.0700 cms (2.49 cfs), 
with the gratings in the channels with the 12:1 swale slopes inter- 
cepting the most water in most cases.' Figures 1.6 to 1,11 show that 
for all channel configurations, the maximum 100% efficient flow 
rate, 0  , increases with the length of the grating.  This in- 
crease in flow capacity is much more pronounced in channels with 
the steeper (12:1) swale slopes, as displayed by the greater slope 
of these particular curves. 
Figure 1.12 indicates that the grate surface is used more 
efficiently (more of the grate surface is covered by water) with 
the shorter gratings than with the longer ones for swale slopes 
of 48:1.  On the other hand, Figure 1.13 displays just the opposite 
tendency for gratings placed in 12:1 fewale slope channels.  The 
longer the grate is,  the more efficiently the grate surface is 
used. 
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1.6  CONCLUSION 0 
Tests were run for the Pennsylvania Department of Trans- 
portation in a model study to determine an optimal lengthrwidth 
ratio of highway drainage inlets for paved channels.  The effects 
of different longitudinal and slide slopes and of different dis- 
charges were investigated. 
Results show that for all cases, the longest grating 
tested, 76.2 cm (30.0 in-), had the highest flow capacity for each 
particular channel configuration.  However, the longer inlets did 
not always utilize their surface area most efficiently.  For 
© 
channels with 48:1 swale slopes, the smallest grating, 45.8 cm 
(18.0 in.), was consistently the most efficient. Although the plots 
do not indicate a percentage of surface area convered, for the 
48:1 swale slopes, the percentage is very low as indicated by a 
photographic study.  With the 12:1 swale slope channels, the sur- 
face coverage efficiency increases with the length of the grating. 
The percentage of coverage in this case is very high; as in most 
cases, flow around the inlet occurs at nearly the same time as flow 
over the inlet  (See Fig. 1.14 and Fig. 1.15).  Thus, flow enters 
the inlet through the grate from the swale slope, the back side, 
and the upstream side, simultaneously. 
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48*1 S, 
Pig. 1.14:  Flow Into Grate with 48:1 Swale Slope 
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■Invert \2'-\   S, 
Fig. 1.15:  Flow Into Grate with 12:1 Swale Slope 
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1.7  RECOMMENDATIONS 
This study was charged with developing a grating for 
installation in paved channels along Pennsylvania highways which 
will be the most efficient in terms of flow capacity and surface 
area covered. 
It is recommended that for channels with 48:1 swale 
slopes, a short grate, 45.8 cm (18,0 in.) should be used in the 
field for most efficient results.  For the 12:1 swale slope chan- 
nels, a long grate, 76.2 cm (30.0 in.) should be used. 
It is also recommended that wherever possible, a 12:1 
swale slope should be utilized in the field.  Inlets placed in 
these channesl intercept upto eight times more water - especially 
in channels x^rith 1/2% and 2% grades.  With the higher capacities 
,, available in this case, fewer drains would be necessary and instal- 
lation costs would be reduced considerably. 
I 
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2.     THEORETICAL ANALYSIS  * 
2.1 INTRODUCTION 
After all the data had been collected and tabulated, it was 
desirable to establish analytical expressions based upon hydraulic 
theories which would corroborate with the measured results.  First, 
it was necessary to research past studies related to this inlet 
study which might yield valuable information.  Next, using these 
studies as a foundation, various theories were modified to fit the 
situation at hand, as closely as possible, and then comparisons be- 
tween the measured and calculated results were begun.  If the com- 
pared values did not resemble each other, reasons for their dis- 
parity were sought. 
Ultimately, it was hoped that equations could be derived 
which would predict efficiencies and critical values of depth and 
flow for given channel and inlet configurations. 
2.2 BACKGROUND 
Most highway inlet studies concerned themselves, primarily, 
with finding inlet capacities for a particular situation using field 
or model data while giving little emphasis to the theoretical aspect 
of the flow regime.  Three studies were very influential, however, 
in providing a foundation for this analytical work. 
* All data and figures pertain to the model for this chapter. 
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The first two were published reports by Li (1954) and by 
Wasley (1961).  The third study was performed by Dr. Willard A. 
Murray informally at Lehigh University in the Spring of 1975 using 
data from past tests conducted at the university.  The pertinent 
information contained in the two reports and Dr. Murray's notes are 
summarized in the Appendix. 
2.3  CALCULATING LI'S "m" FOR THIS GRATING 
From trajectory theory, Li calculated that, with no grat- 
ing in the inlet (a free fall situation), the length of falling flow 
"L " (see Fig. 2.1) was given by: 
D 0.5 
L  = m(v) (-) Eq. 2.1 (A1.4) 
°        8 
with "m" equal to /2, v equal to the average velocity of the flow, 
g equal to the gravitational acceleration, and D equal to the depth 
of flow upstream, which depth is assumed to be constant. 
/ ' 1 His analysis went on to suggest that this m-value would 
become larger as part of the inlet was filled in with bars con- 
tained in a grating.  This also would increase L .  The m-value 
would vary depending upon the shape and size of the installed 
grating. 
In this study part of the interest was in obtaining an 
efficiency equation for flow passing over the drain.  In many 
tests, specifically those with 12:1 swale slopes and with no flow 
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Fig. 2.1:  Li's Diagram for "m" Calculat xon 
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around the drain, data were available from situations where the 
flow (Q  ) just traversed the grated inlet yet did not overflov; 
the inlet.  Thus, L  equaled the length of the drain L.  The depth 
of flow as well as the velocity calculated from the flow rate were 
part of the data, so that "m", for the grating used in this study, 
could be determined.  This m-value, in turn, could be used in an 
efficiency equation, and the length of drain required for certain 
flow rates could be acquired.  (It should be noted that throughout 
this study, the inlet width was a constant and was not considered 
in inlet size optimization). 
At this point, the most critical problem encountered 
throughout this analytical work was first realized.  That is: 'What 
is the most reliable, closest fitting expression for velocity of 
flow that should be used?' The flow is great enough to be turbulent 
in all situations allowing the assumption that velocity is essen- 
tially constant with depth.  Velocity is not constant in the direc- 
tion normal to the flow.  The current on the outer extremes of the 
flow is much slower than that at the invert.  Does this disallow 
average velocity expressions such as Q/A or the Manning Velocity? 
Wasley used a velocity expression which varied normal to the flow 
as a function of the square root of the depth. 
Finally, it was decided to try all three velocities in 
arriving at the m-value for the grating.  The m-value using v = Q/A 
was simply equal to: 
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L(A)  ,JU coo m = -Q   (g) Eq. 2.2 
The m-value for the Manning Velocity was equal to: 
1/2        2/3 1 
m=L(f)  I7?9$  (f")1/2       Eq- 2'3 
o 
where n is the Manning roughness coefficient (n = 0.012), W is the 
wetted perimeter, A is the cross-sectional area of flow and S is 
o 
the grade of the channel. 
Was ley's velocity expression (see Appendix:) for flow at 
the invert (y = D) of the channel is: 
V
 
=
 2     S^D2" Eq* 2*4 <A2'8) 
s 
where Q is the flow, S is the inverse of the swale slope, and D the 
depth at the invert.  With this velocity expression, "m" is equal to 
2 ,L.    1.5 0.5 _ _ 
m
 
=
 ~5 (Q)  s   8 q' 
These expressions along with the appropriate data were fed 
into a CDC 6400 computer with the results summarized in Table 2.1. 
The next step was to solve for "m" using data from situa- 
tions where the efficiency of the drain was less than 100%.  This 
called for a substitution of Eq. 2.1 into Li's efficiency equation 
for flow over the drain:  (see Appendix) 
2  2 2 Q. = Q (1 - L /L  ) Eq. 2.6 (A1.6) 3 o 
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where Q  is the flow over the drain, L is the length of the inlet, 
and L  is the computed necessary length of drain to catch all of 
the on-coming flow. 
Substituting for L : 
o 
Q3-Q a~kA:y m v D Eq. 2.7 
solving for "m" and using the relationship Q = Q - Q , where Q1 is 
the flow intercepted by the inlet: 
m JIK. 
0.5 
v
2D (1.- [1. - Q^Q]0'5) 
Eq. 2.8 
Q/A and Wasley's velocity expressions were then used for v.  The 
results of this work are also contained in Table 2.1. 
< 100% 
Eff. 
100% 
Eff. 
Manning 
v 
8.21 
Average 
v 
4.57 
6.08 
Wasley 
v 
3.21 
4.33 
Table 2.1 Calculated Values for Li's m value. 
The numbers contained in Table 2.1 are prototype values 
which, in turn, equal those of the model situation as well.  The 
m-value is a function of the length of the drain, the velocity of 
flow,and the depth of flow.  Through model:prototype relationships 
it is known that L = 2L , D = 2D , and v = 1.41 v using the p    m  p    m      p        m 
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Froude Similitude (See Table 1.1).  Replacing model values with 
prototype values gives an "m ": 
?.(L ) 
m =    " .   -y^-r- = 1.00 m        Eq. 2.1 p   1.41(v)   2(D) m 
mm 
Finally, an attempt was made to derive an m-value using 
the geometry of the drain.  Figure 2.2 illustrates the grating set- 
up in the inlet.  The total area of the drain is the drain width 
times its length.  The effective area is the total area minus the 
area of the bars.  For the grating used, b/b' = 3.00 and A/A1 = 1.33 
(0 = 45°).  With the width held constant and with the width of flow 
equal to the width of the drain, an m-value could be found. 
i _ 0.75A = w x 0.75L Eq. 2.9 
Since A is the area necessary to catch all of the flow, the length 
of the drain must be increased until A = A'. 
w x (0.75L + xL) = A 
Obviously, x equals 0.25.  The added length is the added open space 
L , but an additional bar width L, must also be added. 
L 
h-r- 
Thus, the total added length to the inlet to catch all flow must be: 
L 
AL = 0.25L + 0.25 ■—■  , 
s       3 ' 
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f C'f 
Lb 
Pig. 2.2:  Diagram for Geometric Calculation of "to". 
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AL = 0.333 L 
s 
Hence, to make A = A', L must be increased by AL.  It can be assumed 
that the velocity and depth remain constant so Eq. 2.1 yields: 
m = 1.333 m = 1.89 Eq. 2.10 
g o 
where m is with the grating in place and m is with no grating. 
This value is below those calculated from actual tests 
which indicates that the situation was probably over-simplified. 
A further analysis was done using momentum theory but, after a 
series of cancellations, the length relationship surfaced again 
yielding the same m-value. 
2.4 PASSING FLOW AROUND THE DRAIN 
Most of the analytical literature cited in this report 
deals with passing flow around the drain. Murray, Wasley, and Li 
made attempts at determining efficiency equations which would hold 
for this inlet situation.  The analysis presented begins 
with a check of Murray's work on efficiency equations and 
then investigates critical depth relationships with respect to an 
L' presented by Wasley and to the velocity of flow. 
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2.4.1  Murray Efficiencies 
Dr. Murray derived two expressions for efficiency with 
respect to flow around the drain.  The two expressions, shown below, 
differ only in the boundaries used to determine the Wasley velocity 
distribution.  The derivations and explanations behind these equa- 
tions are detailed in sections A3.2.1 and A3.2.2 of the Appendix. 
His equations are: 
JL 2.5 
DS 
< 
Q    ~ ~~2 
%         
=  1 - -~ [1 - /l - R'] Eq. 2.11 (A3.7) 
2 3 
where R' = 8^LJ3 „  2 
25Q2(1 - ^ 
s 
and 
2 5 Q 2.5 
<p = (1 - 5^~)    [1 - R"] Eq. 2.12 (A3.9) 
s 
2 2 
where R" » gL P 2     w 2 8<f(D - f T 
s 
The data obtained in this study from test situations with 
flow around the drain was inserted into these equations.  Eq. 2.11 
did not give any worthwhile results, but Eq. 2.12 did provide effi- 
ciencies which generally matched those that were measured.  Fig. 2.3 
shows the plot of Murray's efficiency (n = 1-Q /Q) versus the 
measured efficiency.  Unfortunately, the wide range of scatter pre- 
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0.7 1 1 1 1 i 
0.8 0.84 0.88 0.92 0.96 1.0 
R2   CALCULATED   EFFICIENCY , Wasley V 
Fig. 2.3; Measured Efficiency Versus Murray's Calculated 
Efficiency 
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vents any recommendation of its use for efficiency estimates without 
further tests, perhaps involving lower efficiencies. 
Another simpler expression for efficiency was also tested. 
Based upon the same equation: 
^■= ~ Eq. 2.13 (A3.4) 
as illustrated in Figure 2.4, D is the depth of flow at point A 
and D is the depth at the invert of the channel.  Knowing that: 
T2 
DA=D~S~~2     2 Eq.   2.14   (A3.5) 
s       2v S 
s 
and using a simple expression for v (v = Q/A), another calculated 
efficiency was found using the same data.  Fig. 2.5 shows the plot 
of this efficiency versus the measured efficiency and Fig. 2.6 
illustrates a comparison between Murray's efficiency and this 
simplified version.  Again, a great deal of scatter is present with 
less variation appearing in the comparison of the two calculated 
efficiencies as would be expected due to their similarity of origin. 
Since it was determined that more testing was necessary 
to pursue this line of analysis further, a new approach towards an 
analytical solution was begun through linear comparisons, that is, 
by computing theoretical maximum allowable depths and lengths and 
comparing them to their respective measured values. 
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Invert 
Top  View 
Fig. 2.4:  Diagram for Efficiency Calculations 
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Fig. 2.6:  Simple Calculated Efficiency Versus 
Murray's Calculated Efficiency 
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2.4.2  Linear Comparisons 
Using Fig. 2.4 once again as a guide, the length para- 
meters L1 and L, and the depths D and D - depths at the invert and 
at the edge of the inlet respectively - which were utilized in the 
section, are indicated. 
From trajectory theory, it is known that 
2   0.5 
L = v -£ Eq. 2.15 
gs 
where g = g/S for relatively flat swale slopes, the swale slope 
equals 1/s , and y is the width of flow beyond the edge of the in- 
s 
let.  With a bypassing flow situation, L equals L', and with a maxi- 
mum critical efficiency situation L equals L or the length of the 
drain.  If the two lengths are compared: 
0.5 
yl 
7T =  T Eq. 2.16 
L
     
yi + y2 
y is equal to the depth D times S which allows the conversion of 
L to a function of depth.  If D is the depth at point o, D will 
equal the depth at the invert minus the width of the drain, w, 
divided by S .  Thus: 
s 
0.5 
Eq. 2.17 
L 
o s 
L' D._l 
s 
62 
where D' is the depth at the invert when there is a bypassing flow. 
D is the value of interest here.  If the depth of flow can be cal- 
culated for the critical situation (see Eq. 2.18) where L = L  and 
all flow is intercepted, then through a flow rate equation, such as 
Q = vA, it would be possible to calculate a maximum allowable flow 
rate for the drainage system in use. 
L  2 
w    o     w 
D = (D' - —) ^j        +- Eq. 2.18 
s s 
Data was fed into the computer.  Depths derived from the 
observed maximum flow cases when L = L' were inconsistent, but 
o 
depths calculated using data when L = L' (less than 100% efficient 
flow) were consistent for each channel and inlet configuration; 
that is the D  .„_  calculated from flows 1.5 and 2.0 times the ob- 
crxt. 
served maximum flow rate for a channel configuration yielded similar 
values.  Unfortunately not all these calculated critical depths 
matched those that were measured during the actual testing.  (The 
results of this work are not included here since more refinements 
were added to the calculations.) 
In the original equation (Eq. 2.18), the velocity was 
assumed to be constant, however, in reality, the velocity of flow 
is not a constant for different flow rates.  Thus it was decided to 
try to refine Eq. 2.18 by adding a velocity term.  Manning's velo- 
city equation was chosen for use in this expression. 
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_ 1.49  A °'667 ,_ .0.5     rn  ? .q Vm-^~  W       (V        Eq' 2'19 
with n equal to the Manning roughness coefficient (0.012), A, the 
cross-sectional area, W, the wetted perimeter, and S , the longi- 
tudinal slope. 
v     A/TT 0.667    _  0.5 m _ A/W       _  I) 
v *   A/W       ~  D' 
m 
now inserting the velocity ratio into Ea. 2.18, 
Eq. 2.20 
0.5 
D - ^ L    n 0.667      S o _ D_        s_ 
h
' ' * »'- f 
s 
Eq. 2.21 
The results of this modification are contained in Table 
2.2, along with the measured depth values.  Also contained in Table 
2.2, are measured flow rates versus calculated flow rates using the 
Manning equation and this newly acquired depth value.  It can be 
seen that while some values coincide, the majority of them do not. 
An attempt was made at this juncture to find a relation- 
ship between the measured and calculated depth readings.  Since the 
calculated depths were based upon the L' value, it seemed plausible 
that if a constant of proportionality or even a variable existed, 
perhaps it would show up in an L' ratio.  The ratio chosen was an 
L' measured over an L' calculated using Eq. 2.15.  This ratio was 
neither constant for similar channel configurations nor for similar 
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Sg=12:l 
D meas.(M) 
D calc.(M) 
c 
Q meas.(CMS) 
Q calc.(CMS) 
D meas.(M) 
D calc.(M) 
22.9cm 
9 in. 
.0162 
.0293 
.0020 
.0050 
0.0152 
0.0262 
Qmmeas.(CMS) 0.0020 
Qmcalc.(CMS) 0.0048 
Dcmeas.(M) .0260 
Dccalc.(M) .0399 
Qmmeas.(CMS) .0045 
Qmcalc.(CMS) .0080 
Dcmeas.(M) 0.0238 
Dccalc.(M) 0.0381 
Qmmeas.(CMS) 0.0037 
Qmcalc.(CMS) 0.0092 
Dcmeas.(M) 
D calc. (M) 
0.0466 
0.0411 
Qmmeas.(CMS)  0.0074 
Qmcalc.(CMS)  0.0043 
D meas.(M) 
Dccalc.(M) 
0.0347 
0.0421 
Qmmeas.(CMS)  0.0055 
Qmcalc.(CMS)  0.0059 
Inlet Length 
26.7cm  30.5cm  34.3cm 
10.5 in. 12.0 in. 13.5 in. 
0.0195 
0.0326 
0.0027 
0.0067 
0.0174 
0.0299 
0.0027 
0.0066 
0.0320 
0.0405 
0.0062 
0.0082 
0.0241 
0.0393 
0.0044 
0.0099 
0.0494 
0.0421 
0.0087 
0.0046 
0.0408 
0.0424 
0.0080 
0.0061 
0.0213 
0.0363 
0.0035 
0.0087 
0.0213 
0.0323 
0.0034 
0.0083 
0.0340 
0.0408 
0.0071 
0.0084 
0.0296 
0.0408 
0.0060 
0.0109 
0.0491 
0.0430 
0.0089 
0.0048 
0.0424 
0.0439 
0.0090 
0.0066 
0.0238 
0.0387 
0.0043 
0.0105 
0.0213 
0.0351 
0.0042 
0.0102 
0.0369 
0.0411 
0.0088 
0.0087 
0.0296 
0.0411 
0.0064 
0.0112 
0.0500 
0.0439 
0.0092 
0.0052 
0.0460 
0.0451 
0.0101 
0.0072 
38.1cm 
15.0 in- 
0.0290 
0.0445 
0.0061 
0.0151 
0.0226 
0.0363 
0.0045 
0.0112 
0.0384 
0.0421 
0.0099 
0.0092 
0.0326 
0.0415 
0.0079 
0.0114 
0.0518 
0.0448 
0.0105 
0.0054 
0.0500 
0.0460 
0.0126 
0.0076 
B SO 
1/8:1 0.04 
3:1 0.04 
1/8:1 0.02 
3:1 0.02 
1/8:1  .005 
3:1   .005 
Table 2.2 , Critical Depths and Maximum Flow Rates (Measured and Calculated) 
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S =48:1 
s 
D meas. (M) 
D calc.(M) 
c 
Q meas.(CMS) 
m 
Q calc.(CMS) 
m 
D meas. (M) 
D calc.(M) c 
Corneas.(CMS) 
Q calc.(CMS) 
D meas.(M) 
D calc.(M) 
Q meas.(CMS) m 
Q calc.(CMS) m 
D meas. (M) 
D calc.(M) 
c 
Q meas.(CMS) 
C^calc.(CMS) 
D meas.(M) 
D calc.(M) 
Q meas.(CMS) 
m 
Qmcalc.(CMS) 
D meas.(M) 
D calc. (M) 
Q meas.(CMS) 
m        ' 
Qmcalc.(CMS) 
22.9cm 
9 in. 
0.0104 
0.0098 
0.0013 
0.0011 
0.0122 
0.0101 
0.0024 
0.0013 
0.0094 
0.0098 
0.0015 
0.0008 
0.0104 
0.0098 
0.0010 
0.0008 
0.0131 
0.0119 
0.0008 
0.0007 
0.0134 
0.0122 
0.0012 
0.0007 
Inlet 
26.7cm 
10.5 in. 
0.0101 
0.0098 
0.0014 
0.0011 
0.0125 
0.0104 
0.0025 
0.0013 
0.0098 
0.0098 
0.0019 
0.0008 
0.0088 
0.0098 
0.0011 
0.0008 
0.0140 
0.0119 
0.0008 
0.0007 
0.0137 
0.0125 
0.0013 
0.0008 
Length 
30.5cm 
12.0 in, 
0.0098 
0.0098 
0.0014 
0.0011 
0.0131 
0.0107 
0.0028 
0.0014 
0.0110 
0.0098 
0.0020 
0.0008 
0.0104 
0.0101 
0.0017 
0.0009 
0.0137 
0.0119 
0.0009 
0.0006 
0.0149 
0.0134 
0.0017 
0.0009 
34.3cm 
13.5 in. 
0.0104 
0.0098 
0.0015 
0.0011 
0.0137 
0.0104 
0.0030 
0.0014 
0.0125 
0.0104 
0.0021 
0.0009 
0.0098 
0.0101 
0.0016 
0.0009 
0.0137 
0.0116 
0.0010 
0.0006 
0.0140 
0.0131 
0.0014 
0.0009 
38.1cm 
15.0 in. 
0.0101 
0.0101 
0.0019 
0.0012 
0.0140 
0.0113 
0.0032 
0.0017 
0.0125 
0.0104 
0.0022 
0.0009 
0.0140 
0.0104 
0.0022 
0.0010 
0.0146 
0.0125 
0.0011 
0.0007 
0.0140 
0.0137 
0.0014 
0.0010 
JB SO 
1/8:1    0.04 
3:1    0.04 
1/8:1    0.02 
3:1    0.02 
1/8:1 
.005 
3:1 .005 
Table  2.2     (Continued) 
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flow rates.  No relationship was readily discernible. 
The question now arose: if, given an initial calculated 
critical depth, say at L = 22.9 era (9.0 in.) can we derive a cri- 
tical depth at L = 26.7 cm (10.5 in.) just by inserting the two 
lengths into Ea. 2.21.  If so, we can then compute a Q   from the 
" max 
new D  using the. Manning equation and compare it to the measured 
c 
values for Q   .  Table 2.3 gives these computed and measured 
max 
Q   values.  The corresponding values in most cases are not in 
max 
close relationship to one another. 
Similar work was done comparing critical depths for back- 
slope variations with all other factors held constant.  Theory in- 
dicates that situations with back slopes of 3:1 should have higher 
critical depths and higher corresponding flow rates than channels 
with the 1/8:1 back slopes.  The eauation used for this comparison 
was derived from two flow rate ratios.  The first was a comparison 
of two Manning equations (Eq. 2.19) which reduced to: 
8/3 
x K Eq. 2.21 
Q3:l      D3:l 
Ql/8:1 Dl/8:1 
K is equal to 0.9358 for 48:1 swale slopes and 0.7726 for 12:1 
swale slopes. The second flow rate ratio is based upon, first 
Eq. 2.15: 
W  °'5 
T      - T: TT Eq. 2.22 1/8:1
     
1/8:1
   
Dm-.x-i 
s 
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LENGTH OF INLET 
22.9cm 26.7cm 30.5cm 34.3cm 38.1cm 
S =48:1 
s 
9" 10.5" 12" 13.5" 15" 
Qmeas. 0.0013 0.0014 0.0014 0.0015 0.0019 S0=0.04 
Qcalc. 0.0013 0.0013 0.0014 0.0014 0.0015 SB=1/8:1 
Qmeas. 0.0024 0.0025 0.0028 0.0030 0.0032 S0=0.04 
Qcalc. 0.0024 0.0027 0.0031 0.0036 0.0040 SB=3:l 
Qme as. 0.0015 0.0019 0.0020 0.0021 0.0022 S0=0.02 
Qcalc. 0.0011 0.0012 0.0012 0.0013 0.0014 SB=1/8:1 
Qmeas. 0.0010 0.0010 0.0017 0.0016 0.0022 S0=0.02 
Qcalc. 0.0018 0.0021 0.0024 0.0027 0.0031 SB=3:l 
Qmeas. 0.0008 0.0008 0.0009 0.0010 0.0011 S0=0.005 
Qcalc. 0.-0008 0.0009 0.0010 0.0012 0.0013 SB-1/8:1 
Qmeas. 0.0012 0.0013 0.0017 0.0014 0.0014 S0=0.005 
Qcalc. 0.0012 0.0015 0.0018 0.0021 0.0024 SB=3:l 
S =12:1 
s 
Qmeas. 0.0074 0.0087 0.0089 0.0092 0.0105 S0=0.005 
Qcalc. 0.0076 0.0088 0.0101 0.0115 0.0131 SB=l/8:l 
Qmeas. 0.0055 0.0080 0.0090 0.0101 0.0126 SO=0.005 
Qcalc. 0.0071 0.0077 0.0083 0.0090 0.0098 SB=3:1 
All Readings in M /sec. 
Table 2.3:  Measured Maximum 100% Efficient Flow Rates and 
Calculated Maximum 100% Efficient Flow Rates Based Upon 
Calculated Critical Depths.  (Flow Around) 
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38.1 
(15.0") 
34.3 
(13.5") 
co   30.5 
§ (12.0") 
X 
g   26.7 
^ (10.5") 
22.9 
(9.0") 
0.0010 
 L 
3-1 
I 
Backslope 
_J L 
0.0020 
J L 
0.0030 
_I L 
cms 
0.04 0.06 0.08 
Qmax 
0.10 0.12 cfs 
Fig.   2.7: 
Grade =4% 
Swale = 48-1 
 Theory 
 Measured 
Model   Values 
Measured and Calculated Q   Versus Length 
(Long. Slope = 4%; Swale ^8:1) 
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38.1 
(15.0") 
34.3 
(13.5") 
w   30.5 
g (12.0") 
DJ 26.7   I-i (10.5") 
22.9 
O.o") 
0.0010 
 I 
0.04 
0.0020 
1 1 
0.0030    cms 
_J  
0.06 0.08 
Qmax 
0.10 cfs 
Grade = 2% 
Swale = 48-1 
—-  =Theory 
—— = Measured 
Model Dimensions 
Fig. 2.8; Heasured and Calculated Q^ Versus Length 
•~ (Long. Slope = 2%; Swale = 48:1) 
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38.1 
(15.0") 
34.3 
03.5") 
«2     30.5 
I   (12.0") 
X 
O 
z: 
LU 26.7 
(10.5") 
22.5 
(9.0") Backslope '/&=!        3:1 
I 
0 0.0010 0.0020 cms 
1 
0.02 0.04 
Q 
0.06 0.08 cfs 
max 
Grade = '/2% 
Swale =48 •• I 
 Theory 
    Measured 
Model   Dimensions 
Fig. 2.9: Measured and Calculated Qmax Versus Length 
"' (Long. Slope = 1/2%; Swale = 48:1) 
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39.1 
(15.0") 
34.3 
(13.5") 
I    3a? (12.0") 
X 
H 
LxJ 26.7 (10.5") 
22.9 
(9.0") Wi-^teV Backslope 
1 
0.005      0.007      0.009 0.011 0.013   cms 
L 
0.16 0.26 0.34 
'max 
0.92 
1 
0.50 cfs 
Grade = '/2 % 
Swale = 12=1 
    Theory 
    Measured 
Model Values 
Fig. 2.10: Measured and Calculated Qmax Versus Length 
(Long. Slope = 1/2%; Swale = 12:1) 
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and upon the Wasley velocity expression.  (Eq. 2.4) 
V3:l    S:l     "" ■  "       ~      2'5 
Vl/8:l  «1/8:1   D^ - g 
D3:l 
w 
~  S" 
s 
0.5 
Dl/8:l 
, /„   , 
w D3:l 
Eq. 2.23 
s 
combining equations 2.21, 2.22, and 2.23: 
D    -ID    
1
-
0667 
D   =  1/8-1 JL 1/8:1       +^      Eq. 2.24 3:l    (K)2.667      D3sl 
Table 2.4 gives the calculated and measured values for the two back- 
slope situations converted to flow rates by the Manning equation. 
Figures 1.6 to 1.11 and Table 2.4 show that although theory indicates 
that 3:1 backslopes should give higher values in all cases, this 
was not the case.  The 48:1 S tests run on 0.5 and 4 percent longi- 
s 
tudinal slopes agreed with the theory but the 2 percent longitudinal 
slope tests indicated that the 1/8:1 S  (backslope inverse) yielded 
B 
higher critical depths and flow rates.  No explanation for this re- 
lationship was found.  However, for the 12:1 S  tests, all tests 
showed that the 1/8:1 SD had higher critical values than the 3:15 S . 
Reasons for this phenomenon will be discussed in Section 2.8. 
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Calc 1 
Calc '2 
Calc 1 
Calc 2 
Calc 1 
Calc 2 
Calc 1 
Calc 2 
Q(l/8:1)   Q(3:l) 
0.0013 
0.0010 
0.0008 
0.0076 
0.0024 SO=0.04 
0.0014 S =48:1 
s 
0.0018 S0=0.02 
0.0011 S =48:1 
s 
0.0012 SO=0.005 
0.0009 S =48:1 
s 
0.0071 SO=0.005 
0.0140 S =12:1 
s 
L= =22.9cm(9") Readings in M /sec 
*A11 Calc 1 are calculated flows found for 
Table 2.3 
Table 2.4 Comparison Between Calculated Flow 
Relationship for 3:1 and 1/8:1 Backslopes from 
Computed Values with Calculated Flow from Theory 
for 3:1 Backs lope. 
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2.5  PASSING FLOW OVER THE DRAIN 
Very little analytical work has been done on passing flow 
over the drain. The only attempt made as far as the author knows 
was by Li. His work is contained in the Appendix. He devised an 
efficiency equation based upon overflow which was checked using the 
pertinent data from this study. The results were not satisfactory. 
Also a separate analysis was made using a calculated critical depth 
as was done with flow around the drain. 
Li's efficiency equation: 
Q3       L2   2 
— =  1 - ^~ Eq. 2.25 (A1.6) 
was modified slightly by adding the relationship: 
2 
£,  = ft Eq. 2.26 (Al.l) 
and Q = Q - Q   (Q  is intercepted flow), to get: 
2 
D = D»  1. - ^ " Q1 Eq. 2.27 
Placing the data directly into this equation did not yield satis- 
factory results.  It was then decided to put D' in terms of Q by 
using the Manning equation in a similar way to that used in the 
flow around situation. 
_ 1^9  iAl1*667     0.5 _  9 _ 
Q
 ~ n    (w)0.667  (So) Ec^ 2'28 
75 
2 
where A =  0.5   [S     + Si   D 
s B 
and W =   (SB2 + l)0'5  +  (Ss2  +  I)0*5 
thus: 
. o n   «;     °-667     °'375 
0 S  2 0  5 S  2 
D.   -    _k.     r( B    -M)°-  +  ( s     + 1)        ] 
1A9
     ri.49   [0.5   [S    + Sa]]1'667(S )°'5 1 s B o 
Eq.   2.29 
which was inserted into Eq. 2.27.  S are the inverse of the 
B 
back and swale slopes respectively. 
Inserting the pertinent data (12:1 S  only) gave consis- 
tent results; however, a constant factor had to be added to make 
the results conform to the measured results.   Eq. 2.27 now reads 
2 
D  ._ = Z D'  1. - 5z£L E  2-27 crxt. Q H 
Z was  found consistently  to be 0.667 for all data of 12:1 S    when 
s 
Eq. 2.29 was used for D'.  48:1 S data were not here because 
s 
flow did not go over the inlet with that configuration. 
Fig. 2JL1, 2.12, 2.13 present the calculated and measured 
depths from these tests. 
76 
2.6  CRITICAL DEPTHS FOR FLOW-OVER VERSUS FLOW-AROUND SITUATIONS 
2.6.1 Theory 
A comparison of flow around and flow over the inlet, and 
measured critical depths is best displayed in graphic form.  (See 
Figs. 2.11-2.22)   The boundary between flow-over and flow-around 
situations is illustrated when the S =12.1 and the longitudinal 
s 
sloce is 2 percent.  (Fig. 2.13, 2.14) The flow-over graphs are pre- 
sented with and without the addition of the Z - factor, as discussed 
in Section 2.5, to illustrate the validity of the calculated Z - 
value of 0.667.  The terms, flow-over and flow-around, indicate how 
flow will bypass the inlet after the critical depth is reached. 
2.6.2 Data 
An effort was made to derive a pair of dimensionless 
numbers which could be used to differentiate between flow situations 
over and around the inlet.  These numbers would be placed upon co- 
ordinate axes and the data from the tests would be placed in these 
dimensionless numbers and plotted in the coordinate system. 
Many combinations were tried.  The Froude number was 
thought to be significant because of its importance with channel 
flow.  This, unfortunately, was not the case.  The best parameter 
found was a simple width of flow parameter: 
BS(S + S ) 
Y = *- 2_ Eq> 2.28 
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0.031 
(o.ioo1) 
0.023 
(0.075*) 
t      0.015 
g     (0.050') 
0.008 
(0.025*) 
0 
•Calc. w/o z Factor 
(Flow Over) 
Calc. Plus z Factor 
(Flow Over) 
Measured 
22.9 26.7 30.5 34.3 38.1  cm 
9.0 10.5 12.0 
LL'NGTH 
13.5 15.0 In 
Ss = 12*1 - 
SB = '/2--I 
SO = 0.04 
Fig. 2.11: Measured and Calculated Dcrit Versus Length 
(Long. Slope = 4%; Swale = 12:1; Back-= 1/8:1) 
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0.031 
(o.i oo') 
0.023 
(0.075') 
E      0.015 
Q      (0.050') 
0.008 
(0.025') 
Calc. w/o z Factor 
(Flow Over) 
22.9 
9.0 
Calc. With z Factor 
(Flow Over) 
Measured 
26.7 
10.5 
30.5 
12.0 
LENGTH 
34.3 
13.5 
38.1    cm 
15.0 In 
Ss = 12 '■ I 
SB = 3 = 1 
SO = 0.04 
Fig. 2.12: Measured and Calculated Dcrit. Versus Length 
CLong. Slope - 4%; Swale « 12:1; Back *  3:1) 
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0.053 
(0.175') 
0.046 
(0.150') 
cc 
o 
Q 
0.038 
(0J25') 
0.031 
(0.100*) 
0.023 
(0.075*) 
(cm) 
(in) 
A Calc. w/o z Factor (Flow Over) 
Calc. 
(Flow Around) 
(Flow Over) 
Calc. with z Factor 
1 1 
22.9 
9.0 
*26.7 
10.5 
30.5 
12.0 
LENGTH 
Measured 
JL 1 
34.3 
13.5 
38.1 
15.0 
SS = I2:| 
SB= 1/8=1 
S0= 0.02 
Fig. 2.13: Measured and Calculated Dcr-;t, Versus Length 
(Long. Slope = 2%; Swale = 12:1; Back 1/8:1) 
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0.053 
(0.175') 
0.046 
E (0.150") 
Q
   0.038 
(0.125') 
0.031 
(o.ioo*) 
0.023 
(0.075') 
L 
—r-— ^ 
(cm)   22.9 26.7 
(in)     9.0 10.5 
Calc. w/o z Factor 
(Flow Over) 
(Flow  Around) 
Measured 
Calc. with z Factor 
(Flow Over) 
_! l_ 
30.5 
12.0 
LENGTH 
34.3 
13.5 
38.1 
15.0 
Ss = I2-I 
SB = 30 
SO = 0.02 
Fig. 2.14: Measured and Calculated Dcrit. Versus Length 
(Long. Slope = 2%; Swale = 12:1," Back = 3:1) 
0.053 
(0.175') 
0.046 
(0.150') 
o 
Q 
0.038 
(0.125') 
0.031 
(0.100*) 
0.023 
(0.075') 1 1 
Measured 
(cm)   22.9        26.7 
(in)     9.0 10.5 
30.5 
12.0 
LENGTH 
Calculated 
(Flow  Around) 
1 1 
34.3 
13.5 
38.1 
15.0 
SS = I2-I 
SB =1/8=1 
S0= 0.005 
Fig, 2.15: Measured and Calculated Dcrit Versus Length 
(Long. Slope - 1/2%; Swale = 12:1;. Back = 1/8:1) 
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0.053    - 
(0.175*) 
E    0.046 
(0.150') 
o Q 
0.038 
(0.125') 
0.031 
(O.IOO') 
0.023 
(0.175') 1 
(cm)    22.9       26.7 
(in)      9.0 10.5 
Calculated— 
(Flow Around).,. 
1 1 1 
30.5 
12.0 
LENGTH 
34.3 
13.5 
38.1 
15.0 
Fig. 
SS = I2-I 
SB  =   3 ■  I 
SO = 0.005 
2.16: Measured and Calculated Dc .  Versus Length 
(Long. Slope = 1/2%, Swale = 12:1, Back =3:1) 
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0.015 
(0.050') 
0.014 
E (0.045') 
t 
o 
Q 0.012 
(0.040') 
0.011 
(0.035') 
0.009 
(0.030') 
Measured 
-#■ 
■*©— 
1 1 1 
alculated 
(Flow Around) 
L 
(cm) 
(in) 
22.9 
9.0 
26.7 
10.5 
30.5 
12.0 
LENGTH 
34.3 
13.5 
38.1 
15.0 
Ss=48:| 
SB = 1/8:1 
S0= 0.04 
Pig, 2.17: Measured and Calculated Dcr^.  Versus Length 
(Long, Slope ~ 4%; Swale - 48:1; Back = 1/8:1) 
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0.015 
(0.050') 
0.014 
(0.045*) 
o 
Q 0.012 
(0.040') 
0.01 I 
(0.035') 
0.009 
(0.030') 
(cm) 
(in) 
22.9 
9.0 
26.7 
10.5 
30.5 
12.0 
LENGTH 
« —Calculated 
(Flow Around) 
34.3 
13.5 
38.1 
15.0 
Ss=48:| 
SB = 3=I 
SO = 0.04 
Fig. 2.10: Measured and Calculated D  .   Versus Length 
(long. Slope = 4%; Swale = 48:1; Back = 3:1) 
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0.015 
(0.050') 
0.014 
(0.045*) 
ac 
o 
Q 0.012 
(0.040*) 
0.011 
(0.035') 
0.009 
(0.030*) 
(cm) 
(in) 
Measured 
Calculated   _, 
(Flow Around) ±_ 
1 1 1 i 
22.9 
9.0 
26.7 
10.5 
30.5 
12.0 
LENGTH 
34.3 
13.5 
38.1 
15.0 
SS=48H 
SB = i/e •' I 
SO = 0.02 
Fig, 2.19: Measured and Calculated D 
crit. 
CLong. Slope = 2%, Swale = 48:1; Back 
Versus Length 
1/8:1) 
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0.015 
(0.050') 
0.014 
(0.045') 
H      0.012 
5    (0.040*) 
o 
0.011 
(0.035') <» 
0.009 
(0.030') 
22.9 
9.0 
Measured 
(Very Rough Approx.) 
26.7 
10.5 
Calculated 
(Flow Around) 
30.5 
12.0 
LENGTH 
34.3 
13.5 
38.!   cm 
15.0  in 
Ss = 48H 
SB = 3 »I 
SO = 0.02 
Fig.   2.20: Measured and Calculated D     Versus Length 
(Long. Slope = 2%; Swale = 48:1, Back =3:1) 
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0.015 
(0.050') 
0.014 
(0.045') 
C? 0.012 
(0.040') 
0.011 
(0.035*) 
0.009 
(0.030") 
(cm) 
(in) 
22.9 
9.0 
1 
26.7 
10.5 
1 
30.5 
12.0 
LENGTH 
-Measured 
".V Calculated 
(Flow Around) 
1 J 
34.3 
13.5 
38.1 
15.0 
Ss =48 = 1 
SB = 1/8 :1 
SO = 0.005 
Fig. 2.21:  Measured and Calculated D  .   Versus Length 
crit. 
(Long. Slope = %%; Swale = 48.1; Back = 1/8:1) 
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0.015 
(0.050') 
0.014   - 
(0.045*) 
O 
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0.012 
(0.040*) 
0.011 
(0.035*) 
0.009 
(0.030*) 
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— 
• 
\1 
Measured-^ 
• \- 
► 
• 
^—""""     •       / 
• 
^^ — *** Calculated-' 
(Flow  Around) 
► 
V 
1 1                  1 I 
22.9 
9.0 
26.7 
10.5 
30.5 
.    12.0 
LENGTH 
34.3 
13.5 
38.1 
15.0 
Ss = 48 •• I 
SB = 3:| 
SO = 0.005 
Fig. 2.22:  Measured and Calculated D  .   Versus Length 
crit.  -       ° 
(Long. Slope = %%; Swale = 48:1; Back 3:1) 
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<3S 
where BS is the width of flow on the swale slope side of the inlet 
and L is the length of the inlet.  The purpose of the S  is to help 
distinguish between the 12:1 and the 48:1 S  tests.  The S  term 
is considered important because of the difference in flow Character- 
Tic 
istics observed when the backslope is varied.  The -— term is, of 
Li 
course, dimensionless.  Fig. 2.19 is a plot of the data on a graph of: 
(v)(D)(S )             BS (So + S_) 
x =     vs  Y =  
[(g)(L)]U°(BB) 
v 
where X is a function of the Froude number, vgL, with g equal to the 
gravitational constant and BB equal to the backslope width of flow 
from the invert.  Fig. 2.20 is a similar plot for the 12:1 S 
tests only.  The division between flow over and both types of flow 
is vague. 
2.7 FURTHER RESEARCH 
It was hoped that a critical Froude number could be found, 
which would arise everytime time flow passed by the inlet.  Also, an 
effort was made to calculate a Froude number using the derived 
critical depths and velocities and to compare it to a Froude number 
found using the measured data.  The results of this work were in- 
significant.  No relationships were found in either case. 
The expression for the critical depth of flow around the 
drain was modified to include a velocity ratio using Manning's 
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Fig. 2.23:  Dimensxonless Plot to Illustrate Flow 
Over Versus Flow Around.  (All points) 
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velocity term.  It has since been discovered that the Wasley velo- 
city term may also be inserted.  A computer program was written in 
an attempt to use this new ratio, although, at this time, a success- 
ful solution has not yet been found.  Work is continuing on this 
idea. 
2.8  POSSIBLE REASONS FOR NONCONFORMITY BETWEEN THEORETICAL AND 
CALCULATED MEASUREMENTS 
The first tendency for a researcher when the measured re- 
sults do not conform to theory is to suspect the data of beine 
faulty.  Fig. 2.21 is a plot of the measured flow rates versus the 
calculated flow rates using the measured depths and the Manning 
velocity equation.  Fig. 2.22 and Fig. 2.23 are plots of the width 
of flow on the swale side of the invert (measured versus calculated) 
for 12:1 S and 48:1 S respectively.  These figures show an agree- 
ment between measured and calculated values, with the most scatter 
appearing in the 48:1 S situation.  From these plots, it can be 
s 
assumed that the data are consistent within itself; that is, the 
depth, width, area, and flow rates all vary in the proportion indi- 
cated by theoretical equations. 
Fortunately, throughout the testing procedure, a careful 
photographic study was kept of each flow situation.  It was thought 
that, since the maximum flow reached before overflow for an inlet 
set-up was visually estimated, perhaps the photographs would show 
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that some tests were above or below the actual critical 
flow rate.  This would have presented a reason for some minor non- 
conformities between measured values and theory.  Although some of 
the photos did indicate some over or under estimation, the resulting 
additions or subtractions were not all in the appropriate direction, 
and none of them were deemed significant. 
One enlightening factor learned from the photographic 
study involved the 12:1 S  tests with the two different backslopes. 
s 
In section 2.4,   it was mentioned  that all of  the  12:1 S    data with 
s 
the 3:1 S was continually less than the data from the 1/8:1 S_ 
a is      , 
tests with the same S .  This relationship is opposite to what theory 
indicates.  Photographs showed that when 3:1 backslope was in place, 
water bypassed the inlet on that side before it actually flowed over 
the drain.  This was not the case with the 1/8:1 backslope; thus, 
the inlet was able to intercept more water with the steeper back- 
slope. 
2.9  CONCLUSION AND SUMMARY 
Even after checking and rechecking calculations, testing 
the validity of the data and studying photographs, few of the non- 
conformities between measurements and theory can be explained. 
There is always the human error aspect which plagues all research 
projects.  These tests were not originally performed to be used in 
an analytical study.  The only parameter of immediate interest to 
the sponsor was the maximum obtainable flow rate before bypassing 
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flow occurred. Even though extreme care was not used in taking the 
various other measurements, they were not found to be significantly 
erroneous. 
Perhaps the best reason for not achieving uniformity be- 
tween theory and reality, is that much of the analytical work was 
done using data from tests with efficiencies less than 100 percent; 
yet, none of the efficiencies were below 85 percent.  This small 
range of flow rates caused a minimal variation in depth and width 
relationships, and forced a necessary precision of the data and 
calculations which may have been above that obtainable from the 
model set-up.  The pumps used in the tests were run at capacity on 
several occasions, and greater flow rates were not available; thus 
necessitating this small flow rate range.  The model was ideal for 
investigating the optimal dimensions of an inlet grating through 
visual analysis, but perhaps it did not lend itself to theoretical 
study. 
This analysis is not without merit, however. The theoret- 
ical work is based upon proven concepts and should prove to be use- 
ful in further studies.  Perhaps using this work as a basis, a 
complete set of analytical relationships can be formulated at a 
later date, which will exactly duplicate the field situations and 
thus make highway inlet grating design less complicated. 
9R 
APPENDIX 
VI 
Al ANALYSIS BY LI 
The following Is a synopsis of work done by 
Dr. Wen-Hsiung Li at Johns Hopkins University in 1954.  His work 
is based largely upon trajectory theory and algebraic relationships 
which require little explanation. 
Al-1 Free Drop at End of Channel 
L  = vt (See Fig. Al.l) 
d  = gt2/2 
L  = v/2d/g 
o 
L  = W2~d /g 
dx  =  (L ^2 (Eq. Al.l) 
~~d     Lo 
where L , L are lengths of flow trajectory; d, d1 are 
corresponding depths; v is the velocity of flow; and g is the 
gravitational constant. 
A1.2  Curb Opening Required to Capture Entire Gutter Flow 
_,     ,2d.l/2     , ,2yjtan9v 1/2   ,c  „. L
  
=
 
V(~T)    = vT(—*■ -—) (See Fig. 
8COS0
        A1.2) 
Q'  - v  .2 (tan9) (Eq. A1.2) 
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Side View 
Fig. Al.l:  Li's Diagram For Basic Trajectory Theory 
of Flow into an Opening 
100 
Y tan0 
Top View 
Side View 
Fig. A1.2:  Flow into Curb Opening 
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Q|  _      .sine., 
L y'    r- 8 o      /gy 
1/8 
.  fl  1/2 
if  9     = 90°,  with no friction,   (-^p-)   = 0.35 
K    =     Q'/L'y'      ^gy' Eq.   A1.3 
where 9 is the angle that the pavement makes with the 
curb; K is a constant; and Q is the flow rate.  Li found experi- 
mentally that for pavement swale slopes of 12:1, K = 0.23, and 
for 24:1 and 48:1 pavement swale slopes, K = 0.20.  Also he found 
that for L > 0.6 L , Q/Q is approximately equal to L/L . 
—     o    o o 
A1.3 Grate Inlet with Longitudinal Bars 
- Combining Eq's A1.2 and A1.3,        (See Fig. A1.3) 
tan9 _ L* y^g 
multiplying by l/v 
tanBv'    L' j& . .. n 
—^j  = *-    =    m (Eq. A1.4) 
Li found v/2k to be approximately 1.2 for longitudinal bars. 
A1.4 Carry Around Flow (Q ) 
Q/Q'  = L/L' 
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Fig. A1.3:  Methods of Bypassing Flow 
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From Eq. A1.3, Q'/L'  =  Ky* /gy» 
Q'  -  Q  = K(L'-L)  Y»  /gy' 
Q2 -  K(L'-L)  y'  /iy' (Eq. A1.5) 
Al. 5 Carry Over Flow (Q ) 
With flow over the inlet (with no grate), m from 
Eq. A1.4 = v2  by trajectory theory.  With a grating present, Li 
found experimentally that m varied from fl   to 10.  To trap all 
flow, L must equal L~. 
3  = mv   'y 'g' 
l3  "  mv [y (1 "  ^e>^]1/2 
d-d  = y(l - L /L32)  - x/tan9 
setting d-d = 0 and integrating as x 0(See Fig. A1.3) 
Q3 = \     (1 - (L2/L32))2        (Eq. A1.6) 
A2 ANALYSIS BY WASLEY 
WasleyTs work was only concerned with passing flow 
around the drain as opposed to passing flow over the drain.  This 
information was taken from his doctoral dissertation presented at 
Stanford University in 1961. 
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Fig. A2.1:  Flow into an Open Drain (Wasley) 
Fig. A2.2:  Bypassing Flow Around Inlet (Wasley) 
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A2.1  Gutter Flow Into Curb Opening 
(See Fig. A2.1) 
Wasley showed that 
L'  = $^- (1 +  1/   2)     (Eq. A2.1) 
where C*  = Chezy's C. 
8gS 1/2 
. t  _ o 
where S  = longitudinal slope, and f = Darcy's friction 
factor 
f -     ffVo 
2 
v 
a 
where R^ is the hydraulic radius and v the average 
flow velocity. 
A2.2 Flow into a Drainage Inlet 
Eq. A2.1 can be applied to the region outside of the 
grating in a channel inlet.  (See Fig. A2.2) 
C y 
L = _£__?_ d.707)     (Note C = V / /fT) 
^ o   a   ^H 
W + y' = D /cos6 = D_(S ) 
I T  s 
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where D = depth of flow at point T, and S  is the 
inverse of the swale slope. S  is large allowing for the approxi- 
mation, cos 9 = 1/S . 
= W + y' Ss 
when flow is at A' 
(W + Y )   y' - y 
a_ = Ay_ (Eq. A2.2) D = D — — ==  
a   t      S S       S 
s s       s 
y  =SD  -W-DS (Eq. A2.3) J
a s t       as 
C  (1.707) 
L  = _°   [(S ) (D - D ) - W]   (Eq. A2.4) 
/I s   t   a 
n = r>    -  L  Sz ~    W (Eq. A2.5) 
a   t  C S  (1.707)    S 
OS s 
A2.3 Velocity Distribution 
Wasley begins with the assumption that the velocity of 
flow in a triangular channel is a function of the square root of 
the depth of flow.  (See Fig. A2.3) 
1/2 
v(x)  = cy (Eq. A2.6) 
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Therefore: 
S D = T 
Q =   s 
v dA where dA = ydx 
Q  =      S    °y3/2 dx     1,      A c A where - dx = S dy 
s 
o 
Therefore '.     Q = cS 
s 
D 
-y3/2 dy 
Q = | cs D5/2 
5   s 
c = 5   Q 
2
 S D5/2 
s 
(Eq. A2.7) 
i         V (X)  : .. 5   Q 
2
   S D5/2 
s 
(y)1/2 (Eq. A2.8) 
A3 ANALYSIS BY MURRAY 
Dr. Willard A. Murray performed some preliminary 
theoretical work using data from Fritz Engineering Laboratory Pro- 
ject 364 (Lehigh University, Bethlehem, Pa. 1972).  His primary goal 
was to establish an equation which would represent the efficiency 
of a drain that was subject to bypassing flow going around the 
drain on the swale slope side.  Dr. Murray's work was based 
extensively on Wasley's analysis. 
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A3.1  Establishing an Equation for Bypass Flow (0_) 
(See Fig. A3.1) 
T
 
=DBSs 
T = D S 
A   As 
Q2 = VAAT-W 
v. = average velocity of flow between points "0" and "A", 
First, Dr. Murray established a v based upon trajectory 
theory.  (See. Fig. A3.2) 
g -     travitational constant 
gg = g cos9 
9 is small, cos9 = 1/S 
s 
% - *>% 
L = vt 
, - «!.   L■■ 2,(g.} 
2Ss •   '-  g 
2z(S^) 
8 
L
 =* 
V
A    s" ' (Eq. A3.1) 
Next, he found an expression for "D " in terms of v.. 
A A 
Z
 
=
 
YA 
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Fig. 3.1:  Diagram for Murray Calculations 
Fig. 3.2:  Flow Trajectory Theory Down a Swaleslope (Murray) 
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From Eq. A3.1: 
1 L2R (Eq. A3.2) 
YA    2,2 
SsVA 
yA "     Ss (DB-V "W 
n  = n    - - I L2g (Eq. A3.3) 
A     B   S   2   2, 2 
s     v. S A s 
Q  =   v (x) dy 
TA 
dy = ~S dx 
s 
Using Wasley's velocity distribution: 
V
    |  %-F-     (x,)1/2 (Eq. A2.8) 
^  S D„ °    1 
s B 
°    5    Q      ^ Q9 =      - 7  VT (X>   (X> dx 
\ 
Q -  -5  (D )2-5 
^2       2.5 K AJ 
B 
Q      D  2'5 JL =   f_Av (Eq. A3.4) 
Q ~   \ 
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Combining this with Eq. A3.3 to get an expression 
2 
-^"2  -S2> 2"5  (Eq. A3.5) 
2vA   Ss 
for Q    gives: 
Q2    ~         2  5   (D " 
w 
"  S 
s 
A3.2 Establishing Efficiency Equations 
First Dr. Murray found an efficiency expression using 
a Wasley average velocity determined between points A and A' and 
then he established an expression using a similar average velocity 
for the flow between points 0 and A*.  (See Fig. A3.1) 
A3.2.1 Efficiency Using v.   ., 
A   ■**  A 
vA    =    |    13  (DA)°*5 ^'  A2-8) S
sDB 
2 
DA    =    DB'    IT-?   H~2 (E«'   A3'3) 
s v.   S A    s 
IT2   n   5 w   2L gD 
therefore D,   = DA   -    —   2_ A A c 2 
s     25Q DA 
2   ,    »,      2IW      n 
« 
DA    -     <°B " r>  \    -    25Q2 * ° 
Solving  the  quadratic  equation: 
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1/2 
(DB-!>±   (DB-f)2-88LV 
DA =  
B
   s     s      25Q      (Eq. A3.6) 
2  3 8gL\J
set R' = — 
25Q2(1-5V)2 o s 
2.5   1-  W 2'5 Q   D ■*•   D S 
Then ~=^      -  2*^ [1 ± 1 ' R^ 
B 
2 The efficiency>r)» then equals 1 - —. 
A3.22 Efficiency Using v AT o—A 
(Eq. A3.7) 
Q, 
T     » i  = 7        vdA;  dA = xS dx 
o-A     A.     . s Ay   Ay 
2 5 Qo Vo-A»  = ~   ^72—       - 2 T X (xSsdx) (V S > Ss   AD 
s 
2 Qo       2'5 
s 
w 
D  = D^ - - 
o     B   S 
s 
2 \__  rn   w 0.5 
Ss DB2.5  <Do ~ Ss; 
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Combining  this with  Eq.s    A3.3  and A3.4: 
5 ?-5 
Q     -^—       D     -" 8LDB 
2
        0B2-5 »        Ss 8Q2(V-) 
s 
(Eq.  A3.8) 
2     5 2*5 Q2 w 2.5 gl/D / 
9
 V, 8Q2(DB-f)2 
s 
T2^ 5 8L D 
Make R" = 
ap2(DB-f)2 
S 
Then ^2  =     n   _ 2L_\2-5     r „,   2.5 
Q U      DSg; ll ~ R  J (Eq. A3.9) 
With efficiency* r\ =  1 -    2 
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